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Ap Piston cross section
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PRACTICAL EXPERIENCE WITH A DIGITAL ELECTROHYDRAULIC ACTUATOR

Johannes Tersteegen,
Institut fir Flugfihrung

\s
*

l. TIntrcduction

The.'practical development of a digital electrohydraulic
actuator (called DEHA)in the following) was meant to demonstrate
its serviceabdlity and/or confirm the correctness of the
theoretical considerationsccovered 1n the report "The Dynamic
Behavior of & Digital Electrohydraulic Actuator" [1, 2]. 1In
order to ensure that the information obtained with a laboratory
model ecould be applied tonaifull-scale version, the requirement
of a low weight:power ratio in aircraft equipment had to be
taken into consideration 1in dimensioning the DEHA prototype.
Output power was determined by using the DEHA both as an
anticipatory control unit for an attached control-surface
actuator with a mechanical input and for difect actuation of
control surfaces on a test aircraft, in an integrated digital
electrohydraulic control and regulating;,system.

The design of the DEHA protofype is based on the following
technical data:

System pressure Pg 200 bar
Static positioning force Fgig¢ 3140 N
Positloning velocity vmax 1 mes™t
Resoluticn ATr 0.1 mm
Number of 1ndividual pistons n , 9

# Numbers in the margin indicate‘pagination in the foreign text.



2. The Design of the DEHA FPrototype

As can be seen from [1, 2], inflow and outflow throttle

orifices which are binary-steépped to correspond to the piston

displacements are necessary for satisfactory transitional

behavier of the DEHA without loads. An external load causes a

change in the pressure drop across the orifices, however, and

thus produces an error in transitional behavior, due to the

resultant differences in piston travel time. Accurate transi-

tional behavior should also be achieved under loads by means of

the locking mechanism of the modified DEHA (Fig. 1).
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Fig. 1. Schematic design of a modified digital
Q}ggtrohydraulic actuator.

Key: a. Locking
b, Damping
c. Valves
d. Calibrated orifices

The effects of external leading on transitional behavilor can

be simulated with an unloaded DEHA if binary-stepped inflow and

outflow orifices are not employed. Consequently, the modified

DEHA with the locking mechanlsm can be studied for serviceability

at low cost.
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The relief valve and the check valves of the modified DEHA
shown in Fig. 1 are necessary to achieve accurate transitional
behavior in conjuncticn with the locking valve in the loaded
DEHA, too. Since no actual external forces are applied in
simulation, however, an additional simplification in constructing
the DEHA can be made f{for the first laboratory frials by
reducing the components, except for the locking valve (see
Fig. 2). Only after positive results have been achieved using
the locking valve will the modified DEHA, i.e. with the entire
locking mechanism, be tested under external load in the second

stage of testing.
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Fig. 2. Schematic design of a digital electro-
nydraulic actuator with locking valve.

Key: a. Locking

b. Valves
¢. Calibrated orifices

The desipgn and the mode of functioning of the individual
DEHA subassemblies are described in detall below.

2.1. 3/2-Way Valve

The pistons are actuated with the aid of electrohydraulice
3/2-way valves., Since commercial valves do not satisfy the
reguirements for short operating times of 1less than 5 ms and
high reliability, the development of suitable fast-acting walves
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was begun in 1967 by the author of this report. The first posid-
tive results in experiments with a two-stage ball-type valve
with hydraulic switching-position "memory" encouraged extensive
research work in the field of switching elements and electro-
hydraulic actuation. The results are published in the research
report "Studies on Electrohydraulic Control Valves wilth Fluidie¢
Ball Elements" by K.-H. Post [3].

Due to reliability requirements, it was necessary to dis-
pense with the use of conventicnal plunger-type valves, which
have & tendency toward hydraulic stoppage (Jamming? seizing).

The 3/2-way wvalve in the form of a seat-type valve with spherical
operating elements was thus designed. Compared:to plunger-type
valves, seat-type valves offer the followlng advantages:

~
[
My

Hydraulic stoppage of the operating body is impossible.

The valve is insensitive to fouling, due to the self-
cleaning action of flow at the valve seat.

The operating body forms a hermetic seal, even at
extremely high pressures, without specially increased

production precision.

The valve seat automatically readjusts itself as 1t is
pounded by the operating element.

No friection shortens service life.

The high operating forces which occur in the direct
actuation of the operating element:i—-~ since static pressure
forces are not compensated for -- necessarily result in a two-
stage valve design beyond ainominal diameter of about 2 mm.

The use of additional plunger elements with sealing functions for
static pressure compensation of the seat-type valve again



introduces valve elements with the disadvantage of the plunger.
Since even at a nominal diameter of less than 2 mm the electrical
retaining power to be applied by the electrohydraulic converter,
e.g. a DC magnet, 1s too high, a hydraulic switching position
"memory" device was provided for. This simultaneously satisfied
the condition for the use of low-power pulse control, which also
provides the advantage of low structural volume for the electro-

hydraulic converter.

The operating principle and the practical design of the
hydraulic bistable three-way valve is shown in Fig. 3. 1In
detail, the valve consists of two sets each of pushing DC magnets
and anticipatory control, memory and control balls. A change in
the positlon of the 3/2-way valve is triggered by a current
pulse lasting about 3 ms to the approprlate magnet. The re-
versal of position will be described starting from pesiticn 1.

A pulsecto magnet 2 causes movement of the armature, which

unseats anticipatory control ball 1 and seats antleipatory control
ball 2 via a positive connection. This switchingnprocess causes
a pressure drop in control line 1, subsequent reversal of '
memory ball 3, and thus a pressurevbulldup in contreliline X,.

With the pressuretbulldup in X5, memory ball 4 is actuated and
magnetically actuated anticipatory control balls 1 and 2 are

held in position hydraulically. The pressureddrop in Xj and
pressure buildup in X, also cause the reversal of control balls

5 and 6 into position 2.

Technical data on the 3/2-way valve shown in Filg. 3 are as {_&
follows:
External dimensions 60 x 40 x 20 mm
Ball diameter, first stage, Dpj 2 mm
Ball diameter, second stage, Dp»o 4 mm
Nominal diameter Dy 2.5 mm
System pressure Pg 200 bar

i
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Fig. 3. Two-stage hydraulically bistable 3/2-way

valve.



Input resistance of colls R,

(220 windings, wire diameter 0.4 mm) 2.1 @
Actuating power during switchover Ngj 1h0 W
Switchover energy 0.4 Ws
Total operating time of valve Trp

(measured at the second stage at Pg = 2.5=-3.ms;
= 200 bar)

It was possible to reduce actuating power during switchover
to 30 W and total operating time to 1 ms in a magnetically
bistable two-stage three-way valve.

2.2. Locking Valve

The locking valve has the task of locking the highest-level
pistons when the output variable of the DEHA is changed until
lower—-level piston movements in the opposite direction have been
completed. '"Detrimental" initial movements (excess movements or
movements in the wrong direction) can only be avoided, however,
if the loecking valve closes absolutely tight durlng thellocking
phase. In addition, the requirements placed on the 3/2-way
valve with regard to operating times and reliability alsc apply
to thelilocking valve. Thus the locking valve was 1ikewise put
together from pure seat-type valve elements without plunger

channels with a sealing function.

During part of the locking phase, a maximum pressure of

PDmax - 2Ps (1)
dewelops in the locked chamber. If it is assumed that control
pressure P, is equal to supply pressure Pg in a ball-type valve
(see Fig. 5), though, the condition for closure at a backpressure
of Pp = 2Py cannot be satisfied with a pure ball element. Thus
thellocking valve was made of a spring-lcaded ball element which

/15



1s actuated via an anticipatory control valve with a hydraulilc
position memory of the same design as in the 3/2=way valve,

The operating principle of the locking valve 1s shown in

Fig. 4.
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Fig. 4. Locking valve, operating principle.

With the notation used in Fig. 5, the following relations
apply to operating conditions for the spring-loaded ball element:

a) 0Opening Condition

With P, = 0 and, in the most unfavorable case (DEHA without
load after completion of opposed plston movements 1n the negative
resultant direction), also Pp = 0, the opening condition is

satisfied with



P,(Dp - Dg) T > Fg . (29.0)

b) Locking Condition

If maximum differential chamber pressure 1ls Pp =-2Ps’ the

locking condition reads
2
sPs 7 ¢ Fg - (3)

Additional design parameters forithe locking valve can be
derived from the coperating conditions.

Substituting inequality (2) intoc (3) yilelds

D
P —
= > V2 . (4)

3

Technical data on the locking valve are as follows:

External dimensions 22 x 61 x 70/20 x 20 x 60 mm
Ball diameter, first stage, Dpj 2 mm
Ball diameter, locking stage, Dpgy, 5 mm
Nominal diameter Dy 2.5 mm
System pressure Pg , 100 bar
Locking chamber pressure Pp 200 bar
Spring force Fgq 8.7 kp
Spring constant C 0.5 kp/mm [1 kp =
= 1 kg force]
Input resistance of colls Rg /17

(220 windings, wire diameter 0.4 mm) 2.1 @
Actuating power during switchover Nei 150 W
Switchover energy 0.4 Ws

Total operating time of valve Tp
(measured at second stage for Pg =
= 200 bar) 3 ms



" 2.3, Calibrated Orifices

Digital-to-analog
conversion of the binary-
coded signal into a dynamie

component is accomplished
via callbrated orifices by

OB

v

the’evaluation of throughputs

T\l
corresponding to the binary
’ D54=Dsz=Ds M .
code. The transition
—I F"C‘=UVP5 .
\ Py Pomax.= 2Ps velocity of the ouput piston

is developed through summa-

Fig. 5. Spring-loaded ball ele-
ment. plstons -- of the flows

tion =-- via movement of the

evaluated this way 1n the
cylinder. The quality of transition behavior on the part of the
unloaded DEHA and the loaded DEHA with locking mechanism when
changes are made in the signal word in opposite directions 1s
determined primarily by the precision of binary throughput
weighting. Since weighting, once establisghed, 1is not altered
by external influences, e.g. a temperature difference at the
orifices determining individual throughputs, an attempt must be
made to maintain oil flow constancy in each case. Basically,
although considerable difficulties arise, even small oll flows
can be kept constant with a regulating system. The dynamic
components required for this cause a reduction in reliability,
however, due to the greater outlay. 1In order to avold this
disadvantage, an attempt was made to achieve an o0ll flow which was
constant encugh to meet requirements, using calibrated orifices.

Since a large number of articles [5-8] have already been
published on orifice flows by many authors, the problem of keeping
oll flows constant by means of an orifice will be covered only
bri¢fly in this paper, and experience gained in the design of a
throttle will be reported. Largely unchanging flow coefficients

10



can be obtained even at low Reynolds numbers if the design of the
throttle points (sharp leading edges, maxlmum possible ratio

between oncoming-flow cross sectlion and throttle cross section)
results in turbulent flow. Under these conditlons, it 1is

possible to calculate throttle cross sections approximately with i;@

’““r"’*'v?;bj (5)

the orifice eguation

where Q = Flow through orifice
Cp = Flow coefficient
A = Flow cross section
AP = Pressure drop across throttle point
p = Density.

Flow coefficient Cp is determined experimentally with actual
system orifices 1n order to take real operating conditilons into
consideration. The values given in the literature are unusable
in this respect, since they vary over a wide range (up to
20%),_depending upon thevorifice shape and measurement precision
employed and upon experimental conditions. In order to make

flow coefficient Cp almost independent of oll temperature
variation (viscosity variation), of supply pressure Pg, of pressure
downstream from the throttle and of pressure drop AP, the ratio
of throttle length Ly to throttle point diameter dp should be

< 1/7 if possible. Production-engineering aspects and strength
considerations establish 1limitations here, however -- no per-
manent orifice deformation may occur even at high pressure
differentials. Through-flow is only slightly dependent upon the
specified influencing parameters even for values of Lp/dp < 9/10.
The effect of viscoslty on through-flow can be further:reduced
by decreasing the pressure drop at the throttle point. For a
given supply pressure, this calls for several orifices arranged
in succession, wilth an increased flow cross section. The danger

of stoppage in case of o0il contamination is simulataneously reduced

11



with the increase in flow cross section. The application of a
throttle point consisting of several orifices arranged in series
offers the additional advantage that through-flow can be

adjusted over a wide range by varying the number of cross
sections of the orifices used. The problem associated with the
production of binary-weighted flow orifices 1s also thereby
avolded, since not every desired orifice cross section can be
produced, due to the large steps between drill diameters. Spark-
eroslon methods require a considerably increased outlay.

In deslgning a throttle point consisting of several orifices
arranged in series, care must be taken to see that the flow
orifices are not aligned, in order to prevent the formation of
partially laminary flow. The eccentric hole in an orifice plece
(see Fig. 6) should always be diametrically opposed to an
equivalent orifice which follows it, to eliminate ambiguity.
Eccentricity should amount to at least 1/2 hole diameter. Tests
have shown that through-flow can be affected by reducing the
distance between holes in two successive orifices (by rotating
the orifice pleces relative to one another), since inflow condi-
tlons in the fluid medium change at each orifice., This effect
can also generally be used to adjust to a certain through-flow.
The orifices must then be fixed relative touvone another, however,
sc that callbration of'the throttle, once undertaken, is not
lost during operation or in the event of later disassembly.

It can be seen from the descriptions in the preceding
sections that the medium flows through the throttle in both
directions, depending upon the position of the 3/2-way valve.
Satlisfactory transitional behavior of the unloaded DEHA results
if the same flow occurs for equal pressure drops across the
throttle in both directions. Through-flow which 1s independent
of direction occurs only under symmetrical flow conditions,

however, These require geometrically equivalent inlet and

12
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ventit outlet epenings and equivalent
oncoming-flow openings. Since,

in practice, it is not pos- - /20
sible to produce absolutely

sharp leading edges, and the

edge radii which are thus

\‘\Q;EEE . presented in the two directions

ey oy
m\l i T .mh§
%

are usually different, the
through-flows must be matchéd,
if required in the calibration
of orifices, by slightly
beveling the leading edges.
Tests have indicate that
chamfering the "leading edge"

. Stetlzylinder P

Figi;:. 6. Throttle valve with

several calibrated orifices. located downstream increases
Key: a. Valve flow coefficlent Cp for this
. Actuator cylinder flow direction, whereas such

a step has only a slight effect

upon flow in the other direction.

Technical Data

Each throttle consists of six orifices arranged in seriés,

with theoreticélly determined hole diameters of

do = 0,11 mm d3 = 0,32 mm ds = 0,92 mm
dl = 0,16 mm du = 0,46 mm d.7 = 1,30 mm
d2 = 0,23 mm ds = 0,65 mm c:l8 = 1,84 mm

[Note: Commas in numerals are equivalent to decimal peints.]

Throttle through~flow length Lp is graduated from 0.3 mm at dg
to 0.85 mm at dg. The orifice pieces (outside diameterlil mm,
thickness 1.5 mm) were mounted in a distributor panel between the

valves:and the cylinder.

13



Qrifice calibration was checked in the assembled DEHA
prototype by measuring piston-rod velocity as an osélllograph

plot of piston-rod travel versus time.

Satisfactory transitional

DEHA behavior 1s only obtained if the travel/time diagrams for
all piston displacements in both directions are geometrically
similar. This requirement was fested by first plotting the

travel/time curves for both piston directions on an image of a

cathode-ray storage oscllloscope (CO).

The requirements were

satisfied if piston return could be made congruent with piston

advance by reversing its sign on the CO.

In the example shown

(see Fig. 7), a deviation still exists in the travel/time curves
for the two piliston movements. In order to obtain a comparison
of the travel/time curves for all piston displacements, the
scale for piston travels was chosen to correspond to the binary

code, so all displacements achieve equal 'image "height in the

oscillogram,.
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Fig. 7. Travel/tiﬂe curves for pis-

ton displacement 2% = 1.6 mm. Piston
return has the same direction on the

CO as piston advance, due to the

reversal of sign.

Key: a. Advance; b. Return
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2.4, Acuator Cylinder
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The d-a converslon
of the binary-coded .
signal in a static
component 1s accomplished
in the actuator:
cylinder through
weighting of the in=vi
dividual cylinder »
displacements to cor-
respond to the binary
code. Output variable
Tr is generated by the
summation of piston
displacements weighted

in this manner.



The design of the pistons, arranged in series and made
to engage one another, can be seen in Fig. 8. The assembly was
produced by Liebherr-Aero Technik GmbH, Lindenberg, under
contract to the DFVLR. The manner in which the cylinders engage
one ancther was chosen, in particular, on the basis of strength
considerations, since the devices by which the pistons engage
one another can be alternately subJected 1n the most unfavorable

case to a maximum force of Pg+Ap during the locking phase.
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Fig. 8. Actuator cylinder and engaged pistons.

To be sure, this design does not make it possible to observe
the required tolerance in individual piston travel of +0.01 mm
during production. These problems should be eliminated with
another design now being produced, in which the engaging devices
consist only of turned parts. Aside from travel, the assembled
length of the actuator cylinder is determined primarily by the
length of the individual pistons, since their channel length must
be approximately equal to piston diameter, due to the danger of
canting. In the actuator cylinder which was built, this means
a channel length of about 20 mm even for the lowest-level piston,

with a travel of 0.1 mm. High requirements were placed on the

15
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sealing elements of the pistons. Unsuitable seals cause irregu-
larities in the transitional behavior of the DEHA without the
lockling mechanism, due to leakage between the piston chambers,
due to piston chamber volumes which change as a result of
deformation of the sealling element or shifting of the sealing
element in the ring groove during pressure changes, and due to
excessive frictional forces. Varlable leakage -- a function of
the positions into which the neighboring pistonsthave been
gwitched -- and variation of the piston chamber volume are
equivalent, in thelr effects upon transitional behavior, to an
ineconstant flow through the calibrated orifice. Frictional
force —— a function of the number of pistons to he moved --
corresponds to the case of a load of constant force on the DEHA.
In the DEHA with a locking mechanism, unsuitable seals for the
locking chamber result, due to leakage and to deformation and

S~
)
A

|

shifting of the sealing elements in the ring groove, in dis-
placement of the locked output piston and thus likewlse in
irregular transitional behavior. After a variety of tests,

GL¥d rings were finally used as seals. The pistons were;given

a Rilsan finish in order to reduce friction between the pistons,
madeodfisteel, and the cylinder, made of aluminum.

Technical Data

Dimensions 35 x 35 x 299 mm
System pressure Pg 200 bar

 Piston diameter dp 20.34 mm ’
Piston rod diameter dg 14.29 mm
Deviation in arearatio Ar/APp
relative to Ap 1.2%
Resclution 0.1 mm

Binary stepping of piston travel
from 0.1 to 25.6 mm with a
tolerance of ... +0,04 mm

Total travel Tr 51.1 mm

16
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Pressure pickup, Hottinger P3M/500 kp/cm2
Pressure pickup, Kistler 701 HX1/600 at [1 at =
= 1 technical atmosphere = 1 kg/cm2]

Carrier frequency amplifier, Hottinger KWS/3-5
Charge amplifier, Kistler

Digital voltmeter, four-place readout
Cathode-ray storage oscilloscape

Inductive displacement pickup, Hottinger, 50 mm
Extension meter, dial precision 10 um
Temperature measurement

X-Y recorder

Electronic triggering

Valves

Digital actuator

Fig. 9. Schematic of the tést setup.

i
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Absolute static positioning precision ¥0.15 mm
referred to total travel Tr +0.3%
Number of possible positions 512.

The piston travel deviatlions from the desired values were

measured using a gauge with a dial precision of 10 um.

3. Experimental Results With a DEHA Prototype

~
A%
\

|

Results on the dynamic behavior of the DEHA prototype will
be reported in summarized form in this part of the paper.
Results of experiments on the:static behavior of the actuator
¢can be found in the last section, in the description of the
assembly. The experimental studies were carried out with the
test setup shown in Fig. 9.

i
i

EALO RN

1

Fig, 10. . Electronic triggering unit.

The valves were triggered with an electronic unit {(see
Fig. 10) developed in Institute L of the DFVLR by Ing. (grad.)
R. Dombrowsky. The analog signal coming from a waveform .
generator or a signal presented in decadic form with a manual /26
input instrument is converted into a digital, binary-coded

18



signal 1in the triggering.unit, scanned at regular intervals,

and sent on to the 3/2-way valves and the locking valve in a
certain sequence. The locking valve is locked only in a case of
opposing changes in the signal word., The valves can also be
picked individually by means of additional switches 1n the
triggering unlt. In order to achleve an optimum triggering of
valves -~ since a sound evaluation of the dynamic behavior of
the DEHA 1s only possible under this condition -- additional ad-
justment provisions were built into the ftriggering instrument.
Thus pulse length can be adjusted to the valve operating tlmes.
Since the switching pulses for the 3/2-way valves must appear
later than the pulse for the locking valve after the instant of

scanning, an initial delay can also be adjusted for simulfaneously

for all valves, taking the pulse length for the locking valve
into consideration. Dead times of varlious lengths 1In the valve
switching process can be matched to one another by introducing
an additional delay for the instant at which the 1Individual
pulse is cut in. Finally, the possibility exists for selecting
locking time for adaptation te piston travel time. The various
pessible settings are plotted in the pulse schedule, Fig. 11.

After the travel/time curves for the individual pistons
were plotted on a storage €O and the results were evaluated, the
following settings were aselected for the triggering instrument
for experiments on the dynamic behavior of the DEHA:

Control valve: Pulse length 3 ms
Common initial delay 4 ms

_ ) Pulse delay 0 ms
Locking valve: Pulse length 3 ms
Locking time 60 ms

Since a pressure of Pp = 2Pg4 can ocecur 1n the locking
chamber during the locking phase, but the actuator cylinder is
designed for an operating pressurecofoonly 200 bar, almost all
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tests were carried out with a system pressure of PS = 98 bar.
It wasypossiblel.to keep operating temperature constant at
26°C + 1°C during all of the measurements. The piston travel
times were calibrated to about 50 ms under these operating

conditions.

The resultant motion of the outputpiston is plotted in
Fig. 12. The travel/time curve in the left graph is the

AR DS
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result of a sine function and, in the enlarged sectlon, that

of a ramp function as the input varlable. The trlals were exe-
cuted with calibrated orifices and a locking valve. It can be
seen just from these first experimental results that no absolute
locking of the output piston has occurred (a noise signal 1s
superimposed on the sinusoidal oscillatlon). The welghting
errors which still exist in the through-flows are manifested in
the output as excessive movements or movements in the wrong
direction in the output when opposed changes ocecur in the

signal word. The reason for the presence of weighting-errors

in the through<flows must be sought 1n calibration on the storage
CO, which cannot be carried out with great precision (image scale
is too small). Due to the mode of representation, it is also
almost impossible to analyze the relative size of weighting
error. A check should be made as to whether better results could
be achieved by using a light-spot line recorder. It should be
mentioned here that a check of orifice calibration by means of a
through-flow measurement only promises more accurate results if
the weighting errcr in piston displacements and the deviations

in the ratio of piston to piston rod cross section from 2:1 can

be neglected.

The reason for 1lncomplete locking of the output piston was
pursued in additional tests, which were conducted in compliance /29
with the conditions given in Section 2. First, 1f wasi:possible
to demonstrate that the locking valve closed off the locking
chamber completely when it was cut in. In addition, the
absence of alr in the locking chamber was guaranteed by

sultable evacuation.

The effect of elasticity ' andAor compressibility upen
"lockling can be seen unequivocally in the varicus trials {see
Figs. 13 and 14). The curves also indicate that leakage from
the lockling chamber to the neighboring chamber cavity can be
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ruled out on the basis of the pressure differential. This was
to be expected, since a leakage flow could not have the
indicated effects, due to the short operating times.

During the locking phase, the volume of o0ll enclosed in
the locking chamber is compressed when a signal change for
positive resultant movements occurs and is decompressed for
negative resultant movements. The so-called compressibllity
flow V. which results from this 1s defined as follows in

C
accordance with [4]:

Vp = volume of locking chamber
D B = compressibility factor (6)

Pp = Pressure change in
locking chamber.

Piston displacement TPC due to compressibility isa

: Ve
Tr, = — {(7)
© ke
2
By substituting equation (&) into equation{(7) we obtain the
relative change in total piston displacement Tri during the
locking phase:
ATrC VD'APD'E APp = absolute value of pres-
fo - DA Tro sure change in locking
L P L chamber (8)

Ap/2 = reduced piston ares.

In the trial shown in the upper part of Fig. 14, the volume of

0il enclosed in the locking chamber 1s Vp = 5.21 cm3,

2

piston area is Ap/2 = 1.64 em”, measured total piston displace-

ment 1s Trﬁ = (0,33 mmn, and the pressure rise 1s about 98 bar.
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Using an assumed compressibility B = 12,000 bar for the

hydraulic oil, MIL-H-6083 (Aercoshell Fluid 7), we calculate

piston displacement ATry to be 0.79 Tri. If we also take infto
consideration the error of about 0.06 Tr¥ (determined experimen- /32
tally} which results from the relative volume change due to the
gquartz crystal pressure pickup connected to the:lockling chamber,

we obtain:a piston displacement ATrC due to compressibility of

about 0.84 Try. |

As the result of pressure differentials in the locklng
chamber, material deformation occurs 1n the actuator cylinder
which results in a so-called secondary deformation flow ﬁSD-

In the elastic range,

Vgp = KB (9)
The factor K is a function of the design of the actuator
cylinder and of the material. If we assume rigid cylinder caps
and pistons and consider a thin-walled c¢ylindrical vessel --
which permlits a simpler computation which nevertheless 1is
sufficient for an estimate -- we can, according to {4], write
K as follows:

VD = volume of locking chamber

_ 5 Vp 9 E = modulus of elasticity
K=5%3e (10)
dg = cylinder ID
e = gylinder wall thickness.
For secondary deformation flow v, we can then write
v.-d
» - 5 D C -
Vap = & = Py (11)
e

Piston displacement TrSD resulting from deformation flow is

26



T = . (12)

By substituting equation (1ll1) into equation (12) we obtaln the
relative change in total piston displacement Tri during the
locked phase as

ATrgn 5 Vq'9gAPp

Tr . 2 EverAp-Try, (13)

Using the experimental data from the last section and a cylinder
ID of 20.3 mm, a cylinder wall thickness of 7.5 mm and a modulus
of elasticity of 7.1-106 N/cmz, we calculate plston displace-
ment ATPSD Eg Hg ﬁbout O.OS,TrL.

An additicnal secondary deformation flow which apparentliy
causes the remainingplston displacement of 0.11 TrL during
the locked phase is produced durlng the pressure.rise or drop
by the elasticity and mobility of the seals in their grooves.

The analysis whiech was performed made i1t possible to
determine the cause of the faulty behavior of the DEHA and the
part played by the influencing parameters in total displacement
of the output piston during the locked phase. The absolute
value of error in movement varies, as can be seen from equations
(8) and (13), proportionally with respect to locking chamber
volume and with travel and pressure change 1n the locking chamber,
due to compressibility and material deformation. The portion
due to the seals can be considered approximately constant, since
it does not change appreciably wilith pressure. If it is assumed
that locking chamber pressure always reaches twice the system
pressure or is zero during a part of the locked phase, the maximum

of errors in movement occurs at maximum locklng chamber wvolume.
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For the DEHA studied, accordingly, maximum total displacement 1is
about 0.56 mm (see Fig. 14, upper part). Due to the inertial
action of the pistons, locking chamber pressure can alsoc rise
above twice system pressure. As can be seen 1n the lower

part of Fig. 14, we then obtain a total displacement of 0.78 mm.
In normal DEHA operation, however, this maximum movement error
wlll not be reached because of the signal structure. The
magnitude of the excess movements or movements in the wrong
direction which are executed by the output piston during the
locked phase 1s a function of signal-word changes in

opposite directions and of the differences in piston travel times,
In the DEEA prototype, a maximum movement error of about 0.4 mm
was measured with the locking valve but without calibrated
orifices during changedver from position 255 to position 256
(see Figs. 15 and 16). The effectiveness of the locking

valve 1s again demonstrated in these plots.
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Fig. 15, Resultant movement Tr of the DEHA output
piston during position change from 255 to 256.

Key: a. Without calibrated orifices, with locking
valve '
b. Without calibrated orifices, without
locking valve.
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The DEHA As an Anticipatory Control Actuator
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It can be seen from the experimental results in the last

section that even when a locking mechanism is used, movement

errors (detrimental movements) occur in the dynamic operation of

the DEHA which are not permissible, on this order of magnitude,

for many types of appllcation.

Since the movement errors are

of a high frequency nature -- inccomparison to the square-wave

frequency of the actuator -- the cutput piston's excess movements

or movements in the wrong direction can be suppressed by the

introductlon of a low pass filter.

A low pasg filter can be
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provided by means of a power amplifier which follows the DEHA.
The DEHA then serves merely as an anticipatory control instru-

ment (reference element) (see Fig. 17).
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Fig. 17. Schematic of an actuator consisting of a
DEHA followed by a power amplifier.

Key: a. Digltal electronic input signal
b. DEHA
c. Valve
d.

Actuator cylinder

In the tests, an ailercon actuator from the Sabre MK VI

(F86) was used as the power amplifier (see Fig. 19).

Techniecal Data on the Power Amplifier

Servo actuator based on the follow-up principle. Consists
of a fixed tandem cylinder and a twin plunger-type valve
mounted on the piston rod (see Fig. 18).

Supply pressure Pg 98 bar
Usable piston area Ap - AR 12.8 cm?
Operating travel Trg 27 mm
Valve ipput signal 1,3 mm
et it 3, .
Valve amplificaticn Qmax/SWmax 4.5 mm?/mm-sec
Back-amplification Tr/Try 1
The guanlitative test results can be seen from Fig. 20. /37

——

Even a movement error in the DEHA output piston of 0.4 mm is

suppressed by the low-passcharacteristic of the power amplifier.
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Fig. 18. Schematic of an actuator consisting of a
DEHA followed by a power amplifier.
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Fig. 19. Test design of the actuator, consisting
of a DEHA followed by a power amplifier.

24



. The suitability of

a DEHA as an antleipatory

1111

ﬁ:#i%”
A
.\\\‘

control instrument was

Frt

LN ' ' merely meant to be
demonstrated with this
: s | experiment. Generally

_{I
I

4

al

=N
%
I ,/’

/

Fig. 20. Resultant movement Tr off
the DEHA output piston and curve
of output varlable Try, of the instrument, it is necessary

power amplifier. to adapt the dynamic

valid statements can of

course riot be derived

from these experimental

results. In order to
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obtain satisfactory
results in using a DEHA
as an anticipatory control

Time scale 1 s/Div. behavior of the power
Frequency 0.01 Hz . ps

Step width 0.2 mm amplifier to that of the
Cycle freguency 20 Hz DEHA, i.e., since the
System pressure 98 bar

dynamic behavlor of the
power amplifier is deter-
mined by the timewilise behavior of the alrcraft, for example, it
is necessary to appropriately match the positioning velocity of
the DEHA.

~
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5. Summary

The basic feasibility of a digital electrohydraulic actuator
has been demonstrated with the construction of a prototype.

Implementation of thls project required the development of
electrohydraulic 3/2-way valves of high reliability and extremely
shortcoperating times. Through the use of a fluidically
controlled ball switching element which was of a type that is
new in hydraulics, it was posslble to design the two-stage valves
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with ball elements, only, thereby avolding any plunger elements
withea sealing function. The introduction of an hydraulic
position memory satisfied requirements for the use of low-power

pulsed triggering.

Satisfactory dynamic behavior on the part of the digital
actuator is primarily determined by the accuracy of binary
through-flow weighting. Since the high outlay involved in a
provision for regulating through-flow results in a reduction
in reliability, an attempt was made to achieve a cconstant oil
flow with calibrated orifices only. The results obtained are
still not satisfactory. Particularly high requirements are
placed on measurement techniques here. The required precision
can probably be achieved if productlon-engineering and
‘measurement possibilities are exhausted. The long-term constancy

of through-flow weighting still remains to be studied.

The required tolerance in individual piston travel could not
be satisfled 1n producing the actuator cylinder. These problems
can probably be eliminated :with the experience obtained in
bullding the prototype.

Detrimental movements (excess movements or movements in the
wrong direction) due to inaccurate through-flow weighting or
under loads should be avoidable if the output plston 1s locked
until opposed low-level piston movements have been completed.
The.experimental results show, however, that absclute locking with
a locking valve is not possible. Measurements performed on the
prototype yielded maximum movement errors of about 1% of total
travel. The digital actuator can thus be employed even under
loads if this error is accepted. See [2] regarding restrictions
under 1nertial loads. Relatively large welghting errors are com-
pensated for, to the level indicated, by means of locking.
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The high-frequency detrimental movements of the digital
actuator are filtered out when it is used as an anticipatory
control instrument for a power amplifier to which it 1s
connected. If the timewlse behaviors of the digital actuator
and power:iamplifier are tuned to one another, their overall
operation exhibits satisfactory dynamic behavior,
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